Bacteria are often found in their natural habitats as spatially organized biofilm communities. While it is clear from recent work that the ability to organize into precise spatial structures is important for fitness of microbial communities, a significant gap exists in our understanding regarding the mechanisms bacteria use to adopt such physical distributions. Bacteria are highly social organisms that interact, and it is these interactions that have been proposed to be critical for establishing spatially structured communities. A primary means by which bacteria interact is via small, diffusible molecules including dedicated signals and metabolic by-products; however, quantitatively monitoring the production of these molecules in time and space with the micron-scale resolution required has been challenging. In this perspective, scanning electrochemical microscopy (SECM) is discussed as a powerful tool to study microbe-microbe interactions through the detection of small redox-active molecules. We highlight SECM as a means to quantify and spatially resolve the chemical mediators of bacterial interactions and begin to elucidate the mechanisms used by bacteria to regulate the emergent properties of biofilms.
Introduction
In nature, bacterial communities are highly structured. Whether they exist on a plant rhizosphere, on a particulate in the ocean, or deep in the gingival crevice of the human oral cavity, they often exist in surface-associated communities called biofilms. Biofilms form on both abiotic and biotic surfaces and have been proposed to follow a developmental program that begins with surface attachment and ends with mature, high-density communities that shed free-swimming cells [1] . In many laboratory-based experimental systems, bacteria form biofilms comprised distinctive mushroom-shaped structures containing millions of bacterial cells, surrounded by a matrix of extracellular carbohydrates, proteins, lipids and DNA [1, 2] . Naturally occurring biofilms, such as those found inside a chronic wound or the cystic fibrosis (CF) lung, are often polymicrobial and are composed of small, dense groups of cells called aggregates (approx. 10-1000 cells) [2, 3] . Aggregates exhibit similar life histories to in vitro laboratory biofilms including maturation and dispersal, and increased tolerance to antimicrobials [2, [4] [5] [6] [7] [8] [9] . By combining standard microbiological techniques with high throughput genomic data sets, we have learnt much about the nutritional and genetic requirements of bacteria during health and disease [10] [11] [12] [13] [14] . However, given the observations that bacterial communities are often comprise multiple aggregates separated by variable distances, there is a significant gap in knowledge about the spatial parameters that mediate such distribution or potential interactions between aggregates. Most of our understanding about bacterial interactions has originated from experiments performed using large, well-mixed laboratory cultures. Whether through direct contact or secreted small molecules and proteins, bacteria interact with their siblings and neighbouring microbes (figure 1) [15] . Recent in vivo and in vitro models of infection have highlighted that the patterning of bacterial communities can influence such interactions, resulting in changes in virulence, a bacterium's position within an ecological niche, and the production or acquisition of important metabolites [7, 9, [16] [17] [18] [19] . For example, Aggregatibacter actinomycetemcomitans and Streptococcus gordonii maintain precise spatial organization through modulation of components in the biofilm matrix to mediate beneficial interactions within an infection site [17] . Studies like these and others have used fluorescence-based techniques and mass spectrometry to resolve the spatial distribution of microbes. Such methods have allowed us to map some of the diffusible molecules produced by bacteria across cellular and subcellular levels, highlighting the spatial distribution of the metabolome [20] [21] [22] . This has provided useful information about the distribution of species and metabolites, while high-resolution imaging, such as confocal laser scanning microscopy, has allowed the resolution of some of the physical properties of developing microbial communities, including aggregate formation, cell-cell signalling, and the development of antibiotic resistance [4, 5, 7, 9, 19] .
Many questions remain about the impact of micron-scale organization on bacterial interactions. This highlights a growing need for higher resolution analytical techniques that have the ability to probe the bacterial chemical microenvironment. The ability to detect the chemical response and spatial distribution simultaneously-by producing 'chemical maps'-would allow a greater spatial-temporal assessment of a bacterium's response to its environment. Such tools would significantly move the field forward and improve our understanding of microbial dynamics in both the environment and the host.
In this perspective, we discuss the use of scanning electrochemical microscopy (SECM) as one such tool to study microbial interactions. SECM is a surface probe technique that has the capability to quantitatively detect and map redox-active or charged molecules produced by bacteria in three-dimensional space at micron-scale spatial and temporal resolution. This technique allows one to position a chemical probe (micro-sensor) above a sample at a known distance, without disrupting or damaging the sample [23, 24] . The 'no-contact' principle was originally used to chemically characterize inanimate surfaces; but is now commonly used to quantify redox-active molecules surrounding developing bacterial biofilms. Although there are instances of using microelectrodes to study inside a biofilm, this perspective will primarily focus on using SECM as a microscopy technique to study the microenvironments above and in the immediate surrounding space of the biofilm. Readers are encouraged to read the references for more details of within biofilm methodology [25] [26] [27] . We first focus our discussion on the basic operating principle of SECM and subsequently the reported studies [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] that have used SECM to study microbes relevant to disease, highlighting the strengths of SECM as an analytical tool and its potential use to further our knowledge of microbe-microbe interactions.
2. Primary principles of using scanning electrochemical microscopy to detect redox-active molecules SECM is an intricate electroanalytical technique, therefore, we encourage readers to see Bard and Mirkin for an in-depth technical review [24] . In brief, the SECM tip is attached to a highresolution x-y-z-axis stepper motor and the changes in electrode current are recorded as a function of distance between an electrode tip and the surface of a chosen substrate (e.g. bacterial biofilm). Within the SECM literature, this current-distance response curve is known as an approach curve (figure 2a,b) [32] . In practice, an SECM tip (platinum or gold ultra-microelectrode of approx. 25 µm diameter) is biased at a potential where the electrochemical reaction is diffusion-controlled while the tip is moving simultaneously in the z-direction towards the substrate. As the tip approaches an insulating surface, the diffusion of redox molecules present in the solution becomes blocked by the glass sheath of the tip (figure 2c), causing the current to drop nonlinearly (figure 2b). It is important to mention here that the current-distance response or negative feedback approach curve depends on the RG value of the SECM tip as the insulating sheath surrounding the metal electrode can affect the diffusion of redox molecules. A detailed discussion of different RGdependent negative feedback approach curves can be found in the SECM monograph [24] . By contrast, when the tip approaches a conducting surface, where the redox species produced by the tip is regenerated, the tip measures an increase in current and a positive feedback approach curve is obtained ( figure 2a,d ). However, in a biological system, the positive feedback approach is rarely observed or used. The approach curve is plotted as normalized current versus normalized z-direction distance (figure 2a,b). The greatest advantage of the approach curve is its ability to fix the tip-substrate distance at a defined distance without touching or destroying the sample, which is critical for the observation of the often-precious samples collected to study microbial interactions. In practice, potassium ferrocyanide (because of its non-toxicity toward bacteria) or oxygen is used as a redox mediator to fix the tip-substrate distance and then replace the redox mediator containing solution with the relevant buffer/growth media solution [38] . After the distance between the tip and substrate (biological sample) is fixed, the SECM tip can be switched to the desired potential to detect and quantify the molecule of interest. However, the tip can also be switched to a potentiometric mode where the potentials generated by the ions of interest can be measured with respect to time. In recent years, several excellent publications regarding scanning ion conductance microscopy (SICM)-SECM-based studies have been reported [39] [40] [41] [42] [43] [44] [45] and readers are recommended to visit the references for more details. highlighted some of the SECM-only biofilm-related studies where potentiometric measurements have been used. For example, pH and the production of Ca 2+ can be measured selectively and quantitatively using a SECM potentiometric tip, as discussed later.
Quantifying virulence factors at the surface of a bacterial biofilm
In amperometry, the most widely used electrochemical technique, current is measured against time while the electrode is biased to a fixed potential value [23, 24] . Using this method, molecules are reduced or oxidized at the electrode tip providing real-time spatial data about a molecule of interest, in turn generating a 'chemical map'. For example, Koley et al. [30] discovered an electrocline of pyocyanin (PYO), a virulence factor and antibiotic produced by Pseudomonas aeruginosa. In this study, P. aeruginosa biofilms were established in a static experimental system using nitrocellulose membranes. The developing biofilms were placed on nutrient agar plates and covered with liquid nutrient broth. As shown in figure 3 , the reduced PYO layer exists locally and has been predicted to assist in redox regulating processes (for example, the reduction of Fe(III) giving a competitive advantage to P. aeruginosa over co-inhabiting species of bacteria [30] . This reduced PYO zone above the biofilm can be studied in real-time with SECM because of its unique capabilities in probing the redox microenvironment in situ, below the air-liquid interface of a media solution, without destroying the biofilm itself (figures 3c and 4d). These data were the first to demonstrate the use of SECM as a tool to measure the changing chemical microenvironment of a bacterial biofilm as a consequence of molecules produced by the bacteria at a population level. of measurable redox-active molecules has also been demonstrated [46] , highlighting the use of SECM to sensitively assess the chemical microenvironment. In turn, it provided important information about the physiology of P. aeruginosa and potential interactions with co-infecting partners.
Highlighting the principles of SECM showcases its sensitivity; however, combining SECM with other cutting-edge microbiological techniques would be a way to begin to really answer many questions about the types of interactions that influence the assembly of bacterial communities and their resulting functions. For example, how many bacteria are required to trigger quorum sensing (QS), the regulatory system many bacteria use to communicate with one another through the production and accumulation of diffusible molecules to coordinate their group activities [15] ? Multiple technologies have been developed to confine bacteria, including the use of microfluidics, protein hydrogels and lipid silica structures [47, 48] . These techniques result in the isolation of individual bacterial cells which can be observed separately from a larger bacterial community. But how can we detect the chemical response of a small population of bacterial cells to disturbance or environmental change? Multiple solvent extraction or platebased methods exist to detect and quantify the production of diffusible molecules by bacteria in batch culture; however, SECM exploits this at a scale much closer to an individual microbe that is not possible for other types of instrumentation to resolve. By detecting by-products of microbial The SECM tip was biased at 0 V versus Ag/AgCl to oxidize PYO, and a two-dimensional scan was acquired by moving the tip in the x-y direction over the microtrap containing P. aeruginosa at a fixed height of 2 µm above the roof. The change in the current response is highest (dark yellow) directly over the bacteria producing PYO (approx. 2.7 µM) in the chamber. The microtrap walls and roof are outlined in dark and light blue, respectively. (e) A three-dimensional confocal reconstruction was used to count the number of cells (approx. 700) in the microtrap. The walls appear green, and the bacteria appear red. Scale bars, 10 µm. Adapted from Connell et al. [18] .
interactions as a proxy for regulatory systems in real-time at the surface of a biofilm or potentially a single bacterial aggregate, bacteria can act as biosensors. Connell et al. provided evidence that SECM can be a powerful tool to analyse the impact of spatial organization and aggregate size on microbial behaviours at the microscale (figure 4) [18] . A combination of the multi-photon lithographic technique, micro-three-dimensional-printing and SECM allowed chemical mapping of the redox-active analyte PYO produced by a confined bacterial aggregate of P. aeruginosa (approx. 500 cells). By manipulating the distance between two traps containing bacterial cells (one signal-producing population and one signal-responding population), Connell and colleagues determined the required distance for the induction of a conserved signalling system (QS) in a nearby aggregate, using SECM to detect the production of a QS-regulated virulence factor. Although limited to the spatial parameters defined during the photolithographic fabrication process, this study highlights how changes in spatial patterning on the micron scale can have a significant impact on the function of a neighbouring bacterial population. Furthermore, it demonstrates that SECM harnesses the required sensitivity to acquire information about the metabolic responses of such communities on the same scale and in realtime, thus opening the possibilities of studying the real-time response of any external stimuli such as antibiotics [18] .
The capability of SECM to detect redox molecules by an amperometric method, i.e. measuring oxidizing or reducing current versus time, can be further extended to measure a wide variety of charged molecules or ions such as H + or Ca 2+ by potentiometric methods (measuring potential versus time) [49, 50] . The traditional highly sensitive ion-selective electrode (ISE) techniques have been modified and miniaturized to be used as an SECM tip [51] [52] [53] . Koley et al. [32] (figure 5a,b) have developed a unique carbon-based Ca 2+ -µISE capable of performing an amperometric approach curve to fix the tip-substrate distance and then switching to potentiometric mode to measure Ca 2+ concentrations in the x-y-z plane. In addition, a dual SECM tip has been developed to measure pH in combination with redox concentrations [28] . These unique SECM tips were used to monitor the enzymatic urea hydrolysis process by Sporosarcina pasteurii biofilm in a brine solution, where the bacteria locally change the pH to basic, causing the Ca 2+ to precipitate as insoluble CaCO 3 [28] . In a separate experiment, changes in morphology and the height of the biofilm were monitored by using a 25 µm Pt SECM tip ( figure 6 ). This study demonstrates how insoluble calcium found in the extracellular environment can be incorporated by bacteria into a biofilm, resulting in topographical changes that are detectable by SECM. The unique capability of SECM to monitor a chemical process in three-dimensional space, such as the precipitation of CaCO 3, allows a higher resolution assessment of how the surrounding microenvironment of a biofilm can initiate physical changes as well as a quantifiable chemical response (figures 5c and 6a,b).
Benefits of scanning electrochemical microscopy and potential for pairing with other analytical techniques
One of the greatest benefits of using SECM to study interactions in real-time is that observation of a bacteria of interest does not require staining, tagging or genetic manipulation. Fluorescence-based spatial patterning methods such as fluorescent in situ hybridization (FISH) and combinatorial labelling and spectral imaging FISH (CLASI-FISH) require the treatment of fixed samples with fluorescence-tagged probes targeted for specific bacterial species [20, 21] . These methods have allowed a broader assessment of a multispecies population and its spatial patterning, defining specific abundance and structural signatures bacteria adopt in infection sites such as the gut and oral cavity. Combining an analytical technique such as FISH with SECM has the potential to identify subsets of bacteria whose interactions may impact the overall function of a community, and subsequently study the resulting microenvironment at a higher resolution over time.
In addition to fluorescence-based methods, mass spectrometry-based techniques have been used to detect a wide variety of small molecules, peptides and surface lipids produced by microbes in biofilms. Matrix-assisted Laser Desorption (MALDI)-based mass spectrometry imaging (MSI) has been used to collect snap shot images of signal molecules and proteins produced by bacteria both in vitro and in vivo [54, 55] . These studies and others have provided great insight into how microbial dynamics change during health and the onset of disease. A comparison of MALDI MSI techniques with SECM in regard to sensitivity is difficult. MALDI MSI provides a qualitative approach of determining which molecules are produced and their geographical location within a sample. One of the major challenges of MALDI MSI techniques is its destructive nature on the sample being observed, as well as the mass spectrometry signal can be dampened by other molecules contained within the biofilm matrix. This results in limiting samples that can be observed to one-time point, as well as the need for secondary methods to quantify a molecule identified. However, while SECM is both qualitative and quantitative, mass spectrometry can be more sensitive for the identification of low abundance molecules, which may be present at too low a concentration to be detected using SECM. This provides a further example of how SECM has the potential to be combined with another technique to assess the microenvironment of complex samples. This may be particularly useful for the profiling of clinical specimens, where bacterial isolates are found within an abundance of host material and therefore require sensitive qualitative and quantitative approaches. Integrated circuit-based electrochemical sensors provide a potential platform to study and characterize metabolites across larger areas, such as those contained within clinical samples such as wound biopsies or sputum samples [56] . By using an array of electrodes and parallel potentiostat channels, Bellin and colleagues were able to spatially resolve the production of PYO across a bacterial colony. This study demonstrates the power of electrochemical detection techniques when applied at a larger scale, providing wider scope for its applications in the study of bacterial biofilms.
Each scientific method, whether innovative or reapplied has limitations and caveats. SECM is one such tool, however, there are many examples of how in combination with in vitro systems that simulate clinical events and infection-relevant population sizes, natural behaviours of a bacterium in a multitude of environments have the potential to be explored. Measurements such as determining the concentration of hydrogen peroxide at the surface of a biofilm in situ, cannot be performed without damaging the sample in any other way aside from using SECM-based techniques [29, 31, 46] . Some may view the ability to measure just one molecule at a time as a significant drawback. An alternative view is that the tracking of one or two parameters with high precision that are primarily responsible for a phenotype (such as hydrogen peroxide production in an oral biofilm to control a pathogenic bacterial species) can sometimes be more beneficial than studying hundreds with less precision. More importantly, it is the element of biological scale that brings SECM to the forefront of technology for the study of these types of bacterial interactions.
Conclusion and future directions
Within this perspective, we have introduced the main principles of SECM and its use as a tool to study microbe-microbe interactions. The examples highlighted here have focused on just a few experimental systems. However, it is important to note that the applications of SECM described are not limited to the study of human commensals and pathogens. In fact, SECM has the utility as a tool to learn more about the mechanisms by which many microbial communities are established or persist. This could include biofilms that form in water treatment systems, resulting in problems with biofouling. Alternatively, it could be employed to study beneficial interactions such as those involved in the production of biofuels. Each of these environments provide a platform for microbial interactions to occur; therefore, as a technology demanding collaboration across many disciplines, SECM can and should provide information about microbe-microbe interactions in multiple environments. In the context of infection, by harnessing the sensitivity of SECM in combination with other multimodal imaging techniques involving mass spectrometry-based metabolomics, proteomics or fluorescence-based FISH techniques, there is great potential to map both physical and physiological response with increasing resolution (from biofilm to individual aggregate), through space and time ( figure 7) .
The integration of SECM with cell confinement approaches has and will continue to forward our understanding of the underlying dynamics of bacterial communities, by allowing the user to isolate single or small clusters (aggregates) of bacterial cells to quantify a chemical response and also its physical reach in real-time (figure 7). The ultimate goal for the use of both SECM and other technologies discussed in this perspective is a direct application to clinical samples, to allow an assessment of 'who is there and what is being produced?' One can imagine that chemical signatures may exist during both health and disease, for the presence and absence of both microbe and associated virulence factors. The use of large microbial batch culture remains imperative to address many scientific questions, but the behaviour of a population can be heavily influenced by its individual, smaller members and researchers should think to incorporate the variable of scale when asking how interactions potentially impact the phenotype of a population they are studying. The more that is understood about microbial interactions, the more this can inform scientists about how bacterial communities assemble and interact in vivo and, ultimately, the methods that can be used to disrupt them. 
